T
he pleiotropic cellular effects of insulin action are mediated by multiple-signaling pathways that respond to the binding of insulin to its cell-surface receptor (1) . Much is known about signaling pathways that activate insulin-mediated metabolic effects (2) and about the key role of the insulin receptor substrates (3, 4) . Insulin also activates translation (5) and transcription (6, 7) , but the picture of the mechanisms responsible for the diversity of the insulin-induced effects on gene expression is less complete.
The heterogeneous nuclear ribonucleoprotein (hnRNP) K protein was first identified as 1 of more than 20 protein components of the hnRNP particle (8) . Subsequently, K protein was identified in the context of a multitude of molecular interactions (9) . The modular structure of K protein accounts for the diversity of its partners, which belong to one of three groups of molecules: (i) factors involved in signal transduction, such as inducible kinases (10) (11) (12) and Vav (13) ; (ii) proteins involved in processes that compose gene expression, such as chromatin remodeling (14, 15) , transcription (16, 17) , translation (9) , and RNA-processing (15) factors; and (iii) specific RNA and DNA sequences. The diversity of K protein interactions suggests that K protein acts within multiple functional modules that compose gene expression.
Because K protein is inducibly phosphorylated in response to extracellular signals (11, 12, 18) , and because insulin's diverse effects on gene expression are reminiscent of the diversity of processes that involve K protein, we explored the possibility that K protein participates in insulin-responsive nucleic acid-directed events.
Materials and Methods
Cells. Rat hepatoma cells expressing human insulin receptors (HTC-IR) were grown in plastic cell-culture flasks (19) in DMEM supplemented with 10% (vol/vol) FBS͞2 mM glutamine͞penicillin (100 units/ml)͞streptomycin (0.01%) and humidified with a 7:93% air:CO 2 mixture.
Western Blotting and Immunoprecipitations. Immunoprecipitations with anti-K protein antibody 54 directed against the C terminus were carried out as described (10) . Western blotting and immunostaining with anti-K protein antibody 54 and antiphosphotyrosine antibodies were done by standard methods (10) . All blots were developed with alkaline phosphatase colorimetric detection.
Digital Imaging and Analysis. Digital images of bands were acquired with an Expression 638 scanner (Epson, Portland, OR) and PHOTOSHOP Version 6.0 (Adobe Systems, Mountain View, CA). Densitometric analysis of protein bands was done with OPTIQUANT image analysis software (Packard).
Results
Insulin Modifies K Protein in Cultured Cells. To test the effects of insulin on K protein, HTC-IR cells (19) were treated with 2 ϫ 10
Ϫ9
M insulin (Humulin-N, Lilly Research Laboratories, Indianapolis). At given times, whole-cell lysates were prepared in the presence of phosphatase inhibitors (ϩPI) (Fig. 1A, lanes 1-4) or their absence (ϪPI, lanes 5-8). K protein was immunoprecipitated with anti-K protein antibody directed against its C terminus (18) . Anti-phosphotyrosine immunostaining of the K protein immunoprecipitates ( Fig. 1 A Left) revealed a 65-kDa insulininducible tyrosine-phosphorylated band that matches exactly the electrophoretic mobility of the K protein band ( Fig. 1 A Right) . The peak level of this band was detected 30 min after insulin treatment ( Fig. 1 A Left, lane 3) . The 65-kDa protein was undetected in anti-phosphotyrosine blots when the lysates were prepared in the absence of PIs, indicating that this protein is tyrosine-phosphorylated. There were also two other tyrosinephosphorylated bands ( Fig. 1 A Left) that exhibited faster electrophoretic mobility compared with the K protein band detected in anti-K protein immunostaining ( Fig. 1 A Right) . These bands were less detectable in extracts prepared in the absence of PIs, indicating that they also represent tyrosine-phosphorylated proteins.
To ensure that the 65-kDa inducible tyrosine-phosphorylated band is K protein, we transfected HTC-IR cells with either wild-type Flag-tag K fusion protein, Flag-K, or a mutant, Flag-K-Y3F, where three key tyrosine sites, Tyr-230, Tyr-234, and Tyr-236) were mutated to Phe (12) . After transfection (24 hr), cells were treated for 30 min with either media or 2 ϫ 10 Ϫ9 M insulin. Proteins immunoprecipitated with anti-Flag monoclonal antibody were analyzed by Western blotting by using both anti-phosphotyrosine (Fig. 1B Left) and anti-K protein antibody (Fig. 1B Right) . The anti-Flag blot revealed one insulin-inducible 65-kDa band. The size of this protein is identical to the one associated with the inducible band seen in the anti-phosphotyrosine blot from cells transfected with the wild-type Flag-K (Fig.  1B Left, lanes 3 and 4) . Little tyrosine phosphorylation induction of the Flag-K-Y3F mutant was seen in insulin-treated cells compared with the cells transfected with the wild-type Flag-K protein (Fig. 1B Left, lanes 1 and 2) . These results confirm that the 65-kDa insulin-responsive tyrosine-phosphorylated band is K protein. We also tested the human HeLa and primary rat mesangial cells grown in culture. In both cell lines, insulin increased the level of tyrosine phosphorylation of K protein, indicating that this effect is not restricted to the hepatic cell lineage (data not shown). (12, 20) . We next tested whether insulin-induced modification of K protein alters its binding to target RNA and DNA. HTC-IR cells were treated with a range of insulin concentrations for 30 min, and whole-cell extracts were prepared. Pull-down assays were done with poly(C)-agarose, and the eluted proteins were analyzed by anti-K protein Western blotting ( Fig. 2A) . For comparison, K protein also was immunoprecipitated from the same amount of whole-cell lysates (Fig. 2B) . These results showed that the binding of K protein from insulin-treated (2-200 nM) cells to poly(C)-beads was greater than the binding of K protein from untreated cells. These results also show that only a small fraction of the total K protein pool binds to poly(C).
Next, we tested binding of K protein to other RNA homopolymers and to the negative strand of the B motif (Fig. 2C ). In agreement with previous results, K protein bound weakly to poly(A) and poly(G) (18) and was insulin-unresponsive (compare lanes 1 and 2 to lanes 3-6). There was strong binding to poly(U), but the amount of K protein pulled down by poly(U) . At given times, cells were harvested, and whole-cell extracts were prepared with immunoprecipitated (IP) buffer (150 mM NaCl͞5 mM EDTA͞1% Triton X-100͞0.5% Nonidet P-40͞50 mM Tris⅐HCl, pH 7.5͞10 g/ml leupeptin͞0.5 mM PMSF) with PIs (ϩPI) (0.5 mM DTT͞30 mM p-nitrophenyl phosphate͞10 mM NaF͞0.1 mM Na 3VO4͞0.1 mM Na2MoO4͞10 mM ␤-glycerolphosphate) or without PIs (ϪPI). Immunoprecipitated proteins from whole-cell lysates (200 g) were resolved by SDS͞PAGE, and after Western blotting, colorimetric immunostaining (IS) was done with either an anti-phosphotyrosine (Left, IS: ␣P-Tyr) or anti-K protein (Right, IS: ␣K) antibody. Blots were scanned with an Expression 638 scanner (Epson), and densitometric analysis of K protein bands (K) was done with OPTIQUANT image analysis software (Packard). Levels of band intensities after background subtraction are expressed in digital light units (DLU). (B) Serum-deprived HTC-IR cells were transiently transfected with SuperFect (Qiagen, Chatsworth, CA) (12) with Flag-tag expression plasmid containing either wild-type K protein Flag-K (lanes 3 and 4) or Flag-K-Y3F mutant (lanes 1 and 2). At 24 hr after transfection, cells were treated without insulin or with 2 ϫ 10 Ϫ9 M insulin for 30 min, and cell extracts were prepared in 1 ml of IP buffer ϩPI. Proteins were immunoprecipitated with anti-Flag monoclonal antibody (1 hr) and protein A beads (30 min). Beads were washed four times with 1 ml of IP buffer, and proteins were eluted by boiling in SDS-loading buffer. Eluted proteins were resolved on SDS͞PAGE, and after electrotransfer, Western blotting was carried out by using anti-phosphotyrosine (Left) and anti-K protein antibody (Right). Blots were scanned, and densitometric analysis of the Flag-K protein band (Flag-K) intensities was done as described for A.
from untreated and insulin-treated cells was the same (lanes 7 and 8). As in the case of poly(C) ( Fig. 2 A and C, lanes 1 and 2), there was stronger binding of K protein to the B motif (lanes 9 and 10) in extracts from insulin-treated cells compared with extracts from untreated cells. The differences in the strong binding to poly(C) and poly(U) may indicate that different pools of the K protein bind to these homopolymers.
K protein is found in the nucleus and in the cytoplasm (21) .
Cytoplasmic and nuclear extracts were prepared from untreated and insulin-treated cells; pull-down assays were done by using B and poly(C)-beads (Fig. 3 ). Both nuclear and cytoplasmic K protein bound to the B motif. The level of binding was higher in nuclear and cytoplasmic extracts from cells treated with insulin for 15-30 min compared with untreated cells and returned to baseline after 120 min (Fig. 3A) . As in the case of the B motif, both cytoplasmic and nuclear K protein from insulintreated cells bound to poly(C), and the level of binding was lower from untreated cells or cells treated with insulin for 2 hr (Fig.  3B ). These results demonstrate that insulin modifies both nuclear and cytoplasmic K protein such that its ability to bind nucleic acids in vitro is altered.
Increased Poly(C) Binding of K Protein from Insulin-Treated HTC-IR
Cells Is Phosphorylation-Dependent. Omission of PIs in cell lysates leads to in vitro dephosphorylation of K protein by the endogenous phosphatases (Fig. 1 A; ref. 18 ). We used this maneuver to test the role of K protein phosphorylation on binding to poly(C) (Fig. 4 ). There were no differences in the amount of K protein pulled down by poly(C) from untreated and insulin-treated cells when the lysates were prepared in the absence of PIs (Fig. 4A , compare lanes 1-3 to lanes 4-6). This result suggests that the increased binding of K protein to poly(C) (Figs. 2-4) reflects, in part, insulin-induced changes in the state of K protein phosphorylation. This conclusion is supported by another type of experiment in which we used alkaline phosphatase to dephosphorylate K protein followed by poly(C) binding. Fig. 4B shows that without alkaline phosphatase treatment, more (greater than 3-fold increase) [ (Fig. 1 A) . Pull-down assays (200 g of protein) were done by using either agarose beads bearing poly(C)-homopolymer in HKMT (10 mM Hepes, pH 7.5͞2 mM MgCl 2͞0.1% Triton X-100͞100 mM KCl) buffer (A) or anti-K protein antibody-protein A in IP buffer (B). (C) Serumdeprived HTC-IR cells were treated without (Ϫ) insulin or with (ϩ) 2 ϫ 10 Ϫ9 M insulin for 30 min. Pull-down assays from lysates containing 200 g of total protein were done with beads bearing poly(C) (lanes 1 and 2) , poly(A) ( lanes  3 and 4) , poly(G) (lanes 5 and 6), and poly(U) (lanes 7 and 8) in HKMT buffer or biotinylated ϪB DNA strand and streptavidin beads (18) in IP buffer (lanes 9 and 10).
protein to poly(C) is the result of insulin-induced phosphorylation of K protein.
Insulin Modifies K Protein in Mice. To determine whether the effects of insulin on K protein observed in cultured cells (Figs. 1-4) are relevant to the organs of intact animals, we injected portal veins of groups of anesthetized mice with either saline or 20 milliunits (mU) of insulin (Fig. 5) . At given times after injections, livers were harvested, whole-liver extracts were prepared, and pulldown assays were done in the same fashion described above with HTC-IR extracts. Immunoprecipitates were analyzed in Western blots by using anti-phosphotyrosine (Fig. 5A ) and anti-K protein (Fig. 5B) antibodies. Like in insulin-treated HTC-IR cells (Fig.  1 ), insulin administration increased the level of tyrosine phosphorylation of K protein (Fig. 5A ).
Next, we tested RNA-and DNA-binding activity of K protein in livers from groups of four mice 15 min after injection of the portal vein with either saline or 2 or 20 mU insulin. As before (Fig. 5) , immunoprecipitation of K protein (Fig. 6B ) revealed tyrosine phosphorylation of K protein (Fig. 6A ). In agreement with the results in cultured cells (Figs. 2 and 3) , there was stronger binding of K protein assays to the B element in the pull-down of extracts from insulin-treated livers as compared with saline-injected livers (Fig. 6C) . As in the case of B binding, pull-down assays also showed that binding of K protein to poly(C)-RNA was higher in animals treated with either 2 or 20 mU of insulin compared with those injected with saline (Fig. 6D) .
Insulin Increases c-fos mRNA Levels Associated with K Protein in
HTC-IR Cells. Coimmunoprecipitations followed by translationbased assays (12) were used to explore the interaction of K protein with mRNAs in cultured cells. To control for specificity, the immunoprecipitation was done with competing or noncompeting peptide. Total cellular RNA and RNA coimmunoprecipitated with K protein were used as templates in cell-free translation. 35 S-labeled translational products were analyzed by SDS͞PAGE and autoradiography (Fig. 7A Upper) . The 35 S autoradiograph revealed that when immunoprecipitation was done in the presence of noncompeting peptide, there were many mRNAs that were pulled down by the beads (lane 2). These mRNAs were precipitated specifically by K protein, because with competing peptide no mRNAs were pulled down. The profile of the 35 S-labeled translation products generated from the immunoprecipitated mRNA is different from the whole-cell mRNA templates (Fig. 7A Upper, compare lane 1 with lane 2), indicating that there is a subset of mRNAs that preferentially bind K protein in vivo.
Insulin increases c-fos mRNA level in hepatocytes (22) . Screening of cDNA arrays with a complex 32 P-labeled DNA probe generated from whole-cell RNA and RNA immunoprecipitated with K protein revealed that c-fos transcript is induced by insulin and binds to K protein (data not shown). We used semiquantitative reverse transcription-PCR of whole-cell RNA and of coimmunoprecipitated mRNA templates to quantitate c-fos-mRNA-K protein interaction in untreated and insulintreated (2 ϫ 10 Ϫ9 M for 30 min) HTC-IR cells (Fig. 7B) . These experiments revealed that Ϸ25% of the total cellular c-fos mRNA bound to K protein in untreated cells. Insulin treatment increased the total c-fos mRNA by 5-fold, whereas the c-fos mRNA coimmunoprecipitated with K protein increased 10-fold, such that in insulin-treated cells 50% of the total c-fos mRNA was engaged by K protein. Because a major fraction of c-fos mRNA is K protein-bound, K protein is likely to play a role in transducing insulin signal to the c-fos mRNA.
Insulin has been reported to regulate transcription of the Glut1 glucose transporter in a hepatoma cell line (23) . We tested whether Glut1 mRNA coimmunoprecipitates with K protein. In contrast to c-fos, insulin treatment (2 ϫ 10 Ϫ9 M) of HTC-IR cells had no effect on the Glut1 mRNA levels in these cells (Fig. 7B) . Only 1% of the total cellular Glut1 mRNA coprecipitated with K protein. (Fig. 1 A, lanes 1-3) or no PIs (ϪPI) (lanes 4 -6). Pull-down assays were then done by using poly(C)-agarose beads. (B) Serum-deprived HTC-IR cells were treated either without (Ϫ) insulin or with (ϩ) insulin (2 ϫ 10 Ϫ9 M insulin for 30 min). Whole-cell lysates were prepared with IP buffer containing the full complement of PIs. K protein was immunoprecipitated as before. Beads bearing anti-K protein antibody without any of the lysates (no lysates) were used as control. Beads were washed four times with 1 ml of IP buffer and two times with 1 ml of 50 mM Tris, pH 8.0͞10 mM MgCl 2. Beads were divided into equal aliquots and were treated without (ϪAP) or with (ϩAP) 0.1 unit of alkaline phosphatase (EC 3.1.3.1, type I-S, Sigma) in 0.1 ml of 50 mM Tris, pH 8.0͞10 mM MgCl 2 at 37°C for 10 min. Beads were washed four times with HKMT buffer and then were incubated in 0.3 ml of HKMT buffer containing 5 ϫ 10 5 cpm of [ 32 P]poly(C) or [ 32 P]poly(A) at 4°C for 30 min on a rotator. After binding, beads were washed four times with 1 ml of HKTM buffer, and bound radioactivity was measured with a scintillation counter (cpm). 5, and 15 min; lanes 3-8) . At given times, livers were excised and frozen in liquid nitrogen (12) . K protein immunoprecipitates (IP) were analyzed by SDS͞PAGE and Western blotting. Band intensities were quantified by densitometric analysis as before. The tyrosinephosphorylated K protein band levels were normalized by dividing the band intensities by the level of IgG heavy-chain signal. The data are expressed as means Ϯ SD (n ϭ 2 animals).
To test whether these mRNAs bind K protein directly, we mixed whole-cell RNA with beads bearing either GST-K or GST. RNA extracted from the beads was used as the template in reverse transcription, and PCR was done by using either c-fos or Glut1 primers. RNA extracted from GST-K but not from GST beads yielded PCR fragments of predicted size (Fig. 7B Insets) , suggesting that both c-fos and Glut1 mRNAs bind K protein directly in vitro.
Discussion
This study demonstrates that insulin tyrosine phosphorylates K protein both in cultured cells (Figs. 1-3 ) and in an intact mouse organ (Figs. 5 and 6 ). Insulin-induced phosphorylation of K protein alters its interaction with target RNA (Figs. 2-4) and DNA (Figs. 2 and 3) sequences.
K protein is phosphorylated by several serine͞threonine and tyrosine kinases including protein kinase C (11), extracellular signal-regulated kinase (ERK) (24) , casein kinase II (18) , and the Src family of kinases (12) . These enzymes are all responsive to insulin treatment (1, 25) . The theoretical number of phosphorylation compendiums of a given molecule equals 2 n , where n is the number of phosphorylation sites. Seven phosphorylation sites have thus far been identified within K protein (11, 12, 24) . Accordingly, K protein could exist in as many as 128 different phosphorylation states, suggesting that there may be a host of different insulin-induced K protein phosphorylation states.
Tyrosine phosphorylation of K protein in vitro by the Src family of kinases decreases binding of K protein to poly(C) and to a repertoire of mRNAs (12) . Because K protein has several phosphorylation sites, the net effect of phosphorylation on nucleic acid-binding affinity and specificity might be determined by a compendium of serine, threonine, and tyrosine phosphorylated residues, rather than being determined by phosphorylation of a single residue. A given set of phosphorylated residues may favor RNA-DNA-binding, whereas another compendium may inhibit these interactions. Moreover, as illustrated by the differences in K protein binding to poly(C), poly(U), and poly(G) (Fig. 2D) , the relationship between phosphorylation and K protein binding to RNA͞DNA may also depend on the target nucleic acid sequence.
K protein engages nucleic acids by one or more of its three K homology (KH) domains. The KH3 domain binds both poly(C) and the CT-rich B-enhancer element (unpublished observations; ref. 26) in vitro. It is plausible that the three KH domains are differentially affected by insulin treatment. If so, this fact may explain the observation that insulin-induced phosphorylation of K protein enhances binding of K protein to both poly(C) and the B motif (Fig. 2D, lanes 1, 2, 9 , and 10). In contrast, the strong poly(U) binding is not altered by insulin (Fig. 2D, lanes  7 and 8) , because it may bind to a different KH domain that is not altered by insulin treatment.
The general function of K protein probably is to serve as a transducer of extracellular signals to sites of nucleic acid- 12) ]. After injection (15 min), livers were excised, and protein extracts were prepared. K protein immunoprecipitates were analyzed by SDS͞PAGE and Western blotting (IS) by using either anti-phosphotyrosine (A, ␣P-Tyr) or anti-K (B, ␣K) protein antibody. DNA and RNA pull-down assays were done by using B-DNA beads (C) and poly(C)-beads (D), respectively. Bound proteins were analyzed by SDS͞PAGE and Western blotting by using anti-K protein antibodies. Band intensities were quantified by densitometric analysis as before. The tyrosine-phosphorylated K protein band levels were normalized by dividing the band intensities by the level of IgG heavy-chain signal. The data are expressed as means Ϯ SD (n ϭ 4 animals). After harvesting, half of the cells were used to extract total RNA, and the other half was used in K protein pull-down experiments with anti-K protein antibody-protein A beads. Total RNA and RNA pulled down with K protein were used in reverse transcriptase with oligo(dT) primer. mRNA was reverse transcribed by using the Superscript II RT system (GIBCO͞BRL). PCR was carried out by using c-fos and Glut1 primers. PCR products were resolved by nondenaturing PAGE and were quantified with a Cyclone PhosphorImager (Packard). Results are expressed as mean DLU Ϯ SE (n ϭ 6 independent experiments). (Insets) Total cellular RNA was mixed with beads bearing either glutathione S-transferase (GST) or GST-K. RNA extracted from the beads was used as a template in reverse transcription, and PCR was done by using either c-fos or Glut1 primers. PCR products were visualized by ethidium bromide. directed processes. This notion is supported by the observations that K protein has several phosphorylation sites, that it interacts with signal transducers, and that it regulates both transcription (27) and translation (28) . In the case of transcription, K protein has been shown to activate some promoters (27) but inhibit others (17) . The type of process (chromatin remodeling, transcription, translation, or other) and nature (activation or inhibition) of the signal transduced by K protein could be governed, in part, by a phosphorylation compendium-specific molecular microenvironment.
Based on the diversity of K protein interactions (9), the molecular mechanisms of K protein action in insulin signaling are likely to be complex. K protein interacts with many protein factors (9) . Metabolic labeling of HTC-IR cells and K protein immunoprecipitation show that insulin treatment alters the profile of proteins that associate with K protein in vivo (data not shown). A given compendium of insulin-modified K protein residues, therefore, could determine what effectors would be engaged by K protein at a specific site and how such a complex would interact with a specific nucleic acid target. By recruitment of these factors and enzymes to sites of nucleic acid-directed processes, K protein would create a microenvironment for molecular cross talk. For example, K protein interacts with and is phosphorylated by the Src and protein kinase C families of kinases (11, 12) , enzymes that are insulin-responsive (29, 30) . Thus, in response to insulin, K protein could facilitate cross talk between these enzymes, which, for example, could then target a translational factor at a site of mRNA translation.
